DMXAA (5,6-dimethylxanthenone-4-acetic acid, Vadimezan) is a small molecule tumour vascular-disrupting agent with immune modulatory activities via its induction of cytokines ([@bib1]). Results from phase II trials of DMXAA in combination with paclitaxel and carboplatin for non-small-cell lung cancer were promising ([@bib22]), but phase III trials were stopped following interim analysis of results that indicated a lack of utility ([@bib19]). Its poor performance in phase III trials when preclinical studies were so impressive has led us to further investigate potential inter-species differences in the activity of this class of agents that may allow us to develop a compound that has greater activity than DMXAA in the human clinical setting.

5,6-Dimethylxanthenone-4-acetic acid, with a methyl substituent on both the 5- and 6-position, was selected as a clinical candidate from all the xanthenone and flavone derivatives synthesised at the Auckland Cancer Society Research Centre, based on its potency and activity against solid murine cancers that are resistant to conventional chemotherapies ([@bib29]). Preclinical investigations showed that a single administration of DMXAA to tumour-bearing mice, induced selective apoptosis of tumour vascular endothelial cells within 30 min ([@bib7]); caused irreversible vascular shutdown within 4 h and widespread tumour necrosis after 24 h ([@bib44]; [@bib20]). In contrast to other classes of vascular-disrupting agents, DMXAA has the additional ability of stimulating intra-tumoural leukocytes to produce a panel of cytokines *in situ* ([@bib37]). The cytokines induced in response to DMXAA confer a multitude of secondary host responses that are vital to its overall antitumour effects in mice. TNF-*α* is induced at higher concentrations within tumour tissue than in the serum ([@bib5]; [@bib16]; [@bib37]), and its production has been suggested to amplify and prolong the initial blood flow inhibition leading to extensive tumour ischaemia and widespread necrosis ([@bib43]). Elevated levels of IP-10, RANTES, KC, MIP1-*α* and MCP-1 observed in the tumour 4--6 h after DMXAA administration have been suggested to promote an influx of macrophages ([@bib15]) and neutrophils ([@bib37]) into the tumour. DMXAA is also a potent inducer of IFNs ([@bib31]), and in immunocompetent mice, the IFNs expand the population of tumour-specific cytotoxic T cells ([@bib17]; [@bib36]) that are essential for complete tumour regressions to occur with this treatment ([@bib2]; [@bib8]).

Although cytokine concentrations are higher and more sustained in tumour tissue than in spleen, liver or serum ([@bib5]; [@bib16]; [@bib37]), the panel of cytokines induced in all the tissues were similar ([@bib37]). Moreover, the panel of cytokines produced *in vitro* by murine leukocytes cultured with DMXAA is identical to that detected in serum ([@bib37]), indicating that the *in vitro* response is indicative of the *in vivo* cytokine response to DMXAA. Subsequent studies with cultured human peripheral blood leukocytes (HPBLs) identified a pattern of human-specific effects that were different to those induced with DMXAA on murine leukocytes ([@bib37]), and the studies were the first to demonstrate experimentally of inter-species differences in the cytokine response to DMXAA. Of the panel of 27 cytokines assayed, highest fold increases in concentrations of IL-8 and IL-6 was induced with DMXAA in the majority of the 12 donors tested, and these cytokines served as the strongest indicators of a positive response from human leukocytes to DMXAA. When phase III trials of DMXAA were stopped, we investigated whether inter-species differences in the response to DMXAA could explain, in part why the clinical response was disappointing when pre-clinical data were so encouraging. In this communication, we examined for differences in the structure--activity relationship (SAR) of a subset of XAA analogues for inducing cytokines in cultures of human or murine leukocytes. Although DMXAA is clearly the most active for murine leukocytes, we show that it was not the best for stimulating human leukocytes, and have identified other analogues that are more selective for human cells.

Materials and methods
=====================

Drugs and reagents
------------------

Sodium salts of DMXAA (304.27 Da), xanthenone-4-acetic acid (XAA, 276.23 Da) and mono-methyl substituted analogues of XAA (Me-XAA, 290.25 Da) were synthesised at Auckland Cancer Society Research Centre ([@bib29]), and dissolved directly in the culture medium used.

Mice and A375 xenografts
------------------------

Immunodeficient CD-1 nude mice were bred at the Vernon Jansen Unit, Auckland University. All experiments conformed to local institutional guidelines that meet the standards required by the UKCCCR guidelines and in accordance with the declaration of Helsinki. The A375 melanoma line (ATCC \# CRL1619) and the HCT116 colon carcinoma line (ATCC \# CCL247) was maintained in DMEM media supplemented with 10% FCS, and 10^6^ A375 and 5 × 10^6^ HCT116 was maintained in DMEM media supplemented with 10% FCS, and 10^6^ cells were inoculated subcutaneously into CD-1 nude mice.

Growth inhibition studies were initiated when the tumours were 3--4 mm in diameter. Mice (five per group) with tumours were treated with a single intraperitoneal injection of DMXAA at 25 mg kg^−1^, or 8-MeXAA and 7,8-MeXAA at 25 and 50 mg kg^−1^, and another group was left untreated. Tumours were measured thrice weekly thereafter and tumour volumes were calculated as 0.52*a*^2^*b* where *a* and *b* are the minor and major axes of the tumour. The arithmetic mean±s.e.m. were calculated for each time point and expressed as a fraction of the pre-treatment volume. Growth delay was determined as the difference in the number of days between tumours in the treated or untreated groups to quadruple in size.

For haemorrhagic necrosis determinations, mice with tumours were treated with DMXAA, 8-MeXAA or 7,8-MeXAA at 25 mg kg^−1^, and the tumours excised after 24 h. Tumours were fixed in formalin, paraffin-embedded, sectioned and haematoxylin and eosin stained. Montages of entire tumour sections were acquired (Image Pro PLUS 7.0, Media Cybernetics Inc., Bethesda, MD, USA) at an original 10 × magnification (Nikon TE2000E microscope; Nikon Inc., Tokyo, Japan). Using Image J 1.45s software (National Institutes of Health, Bethesda, MD, USA), a grid with 80 *μ*m intersections was overlaid over each montage and the number of grid intersections over necrotic regions as a percentage of the total number of grid intersections was calculated. One entire section from the widest part of the tumour was scored and the mean±s.e.m. of *n*=3 tumours per group was calculated.

For cytokine determinations in A375 xenografts, mice with tumours were treated with XAA analogues at 25 mg kg^−1^, and after 4 h, mice were killed and tumours were excised, weighed and homogenised in 200 *μ*l of PBS containing 1 : 100 v/w Sigma (St Louis, MO, USA) Protease Inhibitor Cocktail. Tumour homogenates were stored at −80 °C until assayed for both murine (stromal cell derived) or human (melanoma cell derived) cytokines using non-cross-reacting murine and human multiplex cytokine kits (murine 6-plex, and human 7-plex, Milliplex MAP, Millipore Corporation, Billerica, MA, USA). Concentration of each cytokine present was read using the Luminex 100 instrument (Luminex Corporation, Austin, TX, USA). The cytokine concentration (pg g^−1^ of tumour) from three tumours per group were expressed as mean±s.e.m.

Cytokine production in leukocyte cultures
-----------------------------------------

Blood from healthy human donors who had consented for their blood to be used for research, was obtained from NZ Blood Services for this study, which has ethical approval from the Auckland Regional Health and Disabilities Ethics Committee. Leukocytes were isolated using Ficoll--Paque (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) density centrifugation. Murine leukocytes were obtained from spleens from C57Bl/6 mice. Spleen cells were squeezed out into culture medium, aspirated to form a single-cell suspension, and red blood cells were removed by osmotic lysis as previously described ([@bib37]). Leukocytes (10^6^ per well) were cultured in flat-bottomed 96-well plates with xanthenone derivatives in a final volume of 200 *μ*l of culture medium (α-MEM; Gibco BRL, Grand Island, NY, USA), supplemented with FCS (10%) and antibiotics (100 U ml^−1^ penicillin and 100 *μ*g ml^−1^ streptomycin). Tumour-associated macrophages (TAM) were obtained by isolating CD11b+ cells from pleural effusions from mesothelioma patients being treated at the University of Pennsylvania Medical Centre. MidiMACS separator cell isolation kit (catalogue \#130-049-601, Miltenyi Biotec, Auburn, CA, USA) was used following the manufacturer\'s instructions to enrich for macrophages. Briefly, cells in pleural effusions were collected by centrifugation and the cell pellet was resuspended with phosphate-buffered saline containing 2% bovine serum albumin and magnetically labelled antibody to CD11b. The positively selected cells (2 × 10^5^ cells ml^−1^ per well) were then cultured in 24-well plates with XAA analogues (300 *μ*g ml^−1^).

Supernatants from murine or human leukocyte cultures were harvested 4 and 18 h, respectively, after incubation at 37 °C in an atmosphere of 5% CO~2.~ Supernatants were stored at −20 °C until assay for cytokine concentrations using enzyme-linked immune-sorbent assay kits (OptEIA, BD Biosciences, San Diego, CA, USA), according to the manufacturer\'s instructions. Triplicate cultures were assayed per treatment group and the results were expressed as mean±s.e.m.

Inhibition of tube formation on matrigel
----------------------------------------

Inhibition of tube formation by endothelial-like cells on matrigel layers was used as an *in vitro* assay of anti-vascular activity. ECV304 (CRL-1998) from ATCC (Manassas, VA, USA) were cultured in M199 culture medium (Gibco BRL, Grand Island, NY, USA) supplemented with 10% FCS and antibiotics (100 U ml^−1^ penicillin plus 100 *μ*g ml^−1^ streptomycin) at 37 °C under humidified atmosphere of 5% CO~2~. Cells were used for experiments after two or three passages from frozen master stocks of the line. Matrigel Basement Matrix (100 *μ*l undiluted from BD Biosciences) at 4 °C was added to each well of pre-chilled 24-well plates and allowed to polymerise at 37 °C for 1 h. ECV304 cells (10^5^ cells per well) were added to the matrigel layer together with the required concentration of XAA analogues in a final volume of 1 ml supplemented culture medium. After 18-h incubation at 37 °C, tubular structures on the matrigel layer in each well were photographed using Camedia C-5050 camera attached to a CKX41 microscope (Olympus, Tokyo, Japan) with a 4 × objective. The number of tubes per set area of each well was counted, and duplicate wells were assessed for each treatment.

Cytotoxicity assay
------------------

The 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) colourimetric assay was used to assess viability of ECV304 cells after exposure to XAA analogues at the same concentrations used for the inhibition of tube formation assay on that day. ECV304 cells (10^5^ per well) with different concentrations of XAA analogues were placed into the wells of a 96-well flat-bottom plates in a final volume of 200 *μ*l per well, and cultured 18 h. MTT (20 *μ*l at 5 mg ml^−1^) was added per well and the cultures were further incubated until formation of purple formazan crystals was observed. Culture supernatants were removed and DMSO (100 *μ*l per well) was added to dissolve the crystals, and the absorbance at 550 nm of each well was measured immediately with an automated microplate reader ELx808 (Bio-Tek Instruments Inc., Winooski, VT, USA). Triplicate cultures were used for each XAA concentration, and the mean viability was calculated and expressed as percentage of untreated controls.

Statistical analyses
--------------------

Data between untreated and treated groups were compared using Student\'s *t-*tests or ANOVA if multiple comparisons were made and were considered significant when *P*⩽0.05. Differences between growth of treated and untreated tumours were also compared using unpaired Student\'s *t-*tests according to [@bib4] and were considered significant when *P*⩽0.05.

Results
=======

SAR of xanthenone analogues for inducing cytokines in murine or human leukocytes
--------------------------------------------------------------------------------

Our laboratory holds a set of XAA analogues, where the hydrogen at each position of the parent XAA molecule, has been systematically replaced with a methyl group ([Figure 1A](#fig1){ref-type="fig"}). This set of mono-methyl substituted XAA analogues is a useful tool for SAR studies of this class of compounds. Previous studies indicated that substitution at positions 3, 5 and 6 resulted in compounds with increased antitumour activity in mice ([@bib10]; [@bib41]). This led to the subsequent synthesis of 3,5- and 5,6 di-substituted XAA analogues, of which 5,6-dimethylxanthenone-4-acetic acid, later abbreviated to DMXAA, was shown to be the most potent in murine tumour models ([@bib29]). With the observation that murine and human leukocytes respond differently to DMXAA ([@bib37]), we investigated whether or not the SAR for the mono-methyl XAA analogues in murine and human leukocytes may also be different.

Murine leukocytes extracted from mouse spleens, or human leukocytes extracted from blood of healthy donors were cultured with each of the mono-methyl XAA analogues, XAA, DMXAA and flavone acetic acid. Culture supernatants were assayed for cytokines of interest after an appropriate period of incubation. IL-6 produced by murine leukocytes cultured with each analogue at 300 *μ*g ml^−1^ is shown in [Figure 1B](#fig1){ref-type="fig"}. DMXAA induced the highest levels of IL-6. Of the mono-methyl XAAs, 5-MeXAA was the best, followed by 6-MeXAA, and then 3-MeXAA, whereas 2-MeXAA, 7-MeXAA and 8-MeXAA showed no induction of IL-6. In contrast, 8-MeXAA, inactive in murine leukocytes, induced the highest amounts of IL-8 ([Figure 1C](#fig1){ref-type="fig"}), IL-6 ([Figure 1D](#fig1){ref-type="fig"}) and TNF-*α* ([Figure 1F](#fig1){ref-type="fig"}) in cultures of HPBL. We also examined the response in culture of human macrophages isolated from pleural effusions of patients with mesothelioma as a model of TAM for production of IL-6 ([Figure 1E](#fig1){ref-type="fig"}) and TNF-*α* ([Figure 1G](#fig1){ref-type="fig"}). Again, 8-MeXAA induced the highest amount of those cytokines compared with the other analogues.

IL-8 is one of the most abundant cytokines produced and we chose that as the read-out in a study to determine the inter-individual variability between nine different donors in the responsiveness of their HPBLs to XAA analogues. The constitutive production of IL-8 in untreated HPBL cultures was highly variable between donors ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}) and we have presented the data in [Figure 2A](#fig2){ref-type="fig"} as fold increase in IL-8 over that of the corresponding untreated control cultures for each donor. 8-MeXAA induced highest fold increases in IL-8 production followed by 7-MeXAA, although a considerable spread in the response between individuals is observed ([Figure 2A](#fig2){ref-type="fig"}). IL-8 production by HPBLs from two donors at different drug concentrations was determined and 8-MeXAA induced higher amounts of IL-8 than 7-MeXAA or DMXAA at all concentrations between 100 and 500 *μ*g ml^−1^ ([Figure 2B](#fig2){ref-type="fig"}).

As 8-MeXAA and 7-MeXAA were the most active of the mono-methyl XAAs in HPBLs, the 7,8-disubstituted analogue was custom synthesised and evaluated. The fold increase in IL-8 concentrations induced with 7,8-MeXAA in HPBLs from six different donors at 300 *μ*g ml^−1^ is compared with those induced with 8-MeXAA, 7-MeXAA, DMXAA in [Figure 2C](#fig2){ref-type="fig"}. The fold increase in IL-8 induced with 7,8-MeXAA for HPBLs from that cohort of donors was 55.4±18.6, higher than that obtained with 8-MeXAA (18.5±7.1), 7-MeXAA (3.4±1.2) and DMXAA (1.7±0.2). In HPBLs from two individuals tested, 7,8-MeXAA induced higher concentrations of IL-8 than 8-MeXAA over the concentration range of 200--500 *μ*g ml^−1^ ([Figure 2D](#fig2){ref-type="fig"}).

Inhibition of tube formation by XAA analogues in human ECV304 cells
-------------------------------------------------------------------

The anti-vascular activity is another key component of the antitumour action of this class of agents, and the ability of the mono-methyl analogues to inhibit tube formation on matrigel layers was also examined. We used human ECV304 cells as a model for endothelial cells in previous investigations of the role of NF-*κ*B in apoptosis induction by DMXAA, when primary human umbilical cord vein cells were found to be non-responsive to DMXAA ([@bib40]), and we have used ECV304 cells here also. A representative field showing tube formation by ECV304 cells on matrigel after 18-h culture with each XAA analogue at 100 *μ*g ml^−1^ is shown in [Figure 3A](#fig3){ref-type="fig"}. 5-MeXAA, 7-MeXAA and DMXAA inhibited tube formation by approximately 50% compared with control cultures, whereas 1-MeXAA, 2-MeXAA, 3-MeXAA and 6-MeXAA all showed \<20% inhibition ([Figure 3B](#fig3){ref-type="fig"}). 8-MeXAA was clearly the most active of all the analogues tested in this assay, inhibiting tube formation by 93% compared with 7,8-MeXAA, which gave only 30% inhibition at 100 *μ*g ml^−1^.

The concentration of drug required to achieve 50% (IA~50~) tube inhibition was 40 *μ*g ml^−1^ for 8-MeXAA, and 65 *μ*g ml^−1^ for 7,8-MeXAA compared with 200 *μ*g ml^−1^ required for DMXAA ([Figure 3C](#fig3){ref-type="fig"}). The five-fold increase in potency of 8-MeXAA over DMXAA to inhibit tube formation, was not due to increased cytotoxicity of 8-MeXAA, as there was no loss in viability of the ECV304 cells when cultured with 8-MeXAA at concentrations up to 1000 *μ*g ml^−1^ ([Figure 4C](#fig4){ref-type="fig"}). 7,8-MeXAA appeared to be the most cytotoxic of the three analogues, reducing viability of ECV304 cells by 50% at 250 *μ*g ml^−1^ ([Figure 3C](#fig3){ref-type="fig"}).

8-MeXAA and 7, 8-MeXAA show no antitumour activity in mice compared with DMXAA
------------------------------------------------------------------------------

Substitution at the 7- and 8-positions provided the most active XAA analogues for human cells. These human-selective analogues, however, appear not to be very active for stimulating murine leukocytes to produce cytokines as DMXAA. As the ability to induce cytokines appears to be a critical aspect of its long term antitumour effects, we would not expect the 7- and 8-substituted analogues to show much antitumour activity in mice, even against human tumour xenografts. These agents target predominantly the stromal components of the tumour which, including the tumour vasculature, are derived from the murine host. For proof-of-principle, activity of 8-MeXAA, 7,8-MeXAA and DMXAA was measured against A375 human melanoma xenografts. We have used A375 xenograft model previously for DMXAA studies ([@bib12]) and we have found it to be one of the more responsive xenograft model for studying DMXAA. Xenografts from mice that had been administered 24 h prior with DMXAA at its maximum tolerated dose (MTD) of 25 mg kg^−1^, showed widespread necrosis ([Figures 4B and E](#fig4){ref-type="fig"}), whereas degree of necrosis of xenografts excised from mice 24 h after treatment with the same dose of 8-MeXAA ([Figures 4C and E](#fig4){ref-type="fig"}) or 7,8-MeXAA ([Figures 4D and E](#fig4){ref-type="fig"}) was no greater than that of untreated controls ([Figures 4A and E](#fig4){ref-type="fig"}). A single injection of DMXAA at 25 mg kg^−1^ delayed the re-growth of A375 xenografts implanted subcutaneously in CD1 nude mice significantly (*P*=0.01) by 16 days ([Figure 5A](#fig5){ref-type="fig"}). As predicted, treatment with 8-MeXAA at 25 mg kg^−1^ or at its MTD of 50 mg kg^−1^ gave only a minimal growth delay of only 5 days (*P*=0.03) and 3 days (*P*=0.19), respectively ([Figure 5B](#fig5){ref-type="fig"}). No significant difference in tumour growth was observed with 7,8-MeXAA at 25 mg kg^−1^ (*P*=0.56), although a higher dose of 50 mg kg^−1^ gave a 3 days growth delay and a significant difference in growth parameters compared with untreated tumours (*P*=0.05; [Figure 5C](#fig5){ref-type="fig"}). In HCT116 xenografts, DMXAA (25 mg kg^−1^) induced a significant 4-day growth delay (*P*=0.03), but 8-MeXAA at 25 mg kg^−1^ (*P*=0.27) or 50 mg kg^−1^ (*P*=0.06) did not cause a significant difference in growth, confirming the inferior antitumour activity of 8-MeXAA compared with that of DMXAA in another xenograft model ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

DMXAA treatment increased stromal-cell derived, murine IL-6, IP-10, MCP-1, MIP-1*α* and TNF-*α* in A375 xenografts ([Figure 5D](#fig5){ref-type="fig"}), but significant induction of murine cytokines were not observed following treatment with 8-MeXAA ([Figure 5E](#fig5){ref-type="fig"}) or 7,8-MeXAA ([Figure 5F](#fig5){ref-type="fig"}). Low but significant increases in melanoma cell-derived human IL-6, MCP-1, and MIP-1*α* and IL-8 were also observed after DMXAA treatment, but not TNF-*α* ([Figure 5G](#fig5){ref-type="fig"}), in contrast to the increases in murine TNF-*α* observed in the xenografts. The addition of DMXAA at 300 *μ*g ml^−1^ to A375 human melanoma cells in culture did not result in significant increases in cytokine levels ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Rather, DMXAA reduced constitutive production of MCP-1 and VEGF by A375 cells in culture, but had no significant effect on constitutively produced IL-8, and did not induce TNF-*α* ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). A significant increase in IL-8 only was observed in xenografts from mice treated with 8-MeXAA ([Figure 5H](#fig5){ref-type="fig"}), and xenografts treated with 7,8-MeXAA showed no increase in any of the human cytokines ([Figure 5I](#fig5){ref-type="fig"}).

The toxicity of the murine inactive analogues in mice differs from that described for DMXAA. Mice treated with 8-MeXAA or 7,8-MeXAA at doses above 50 mg kg^−1^ begin losing weight 14 days after treatment and reach humane ethical endpoint shortly thereafter, and 50 mg kg^−1^ was used as the MTD for long-term survival experiments. The acute dose-limiting toxicities observed with DMXAA at doses above its MTD (diarrhoea, conjunctivis, hunching, ruffled fur and hypothermia that require the mice to be euthanised 6--8 h after treatment) appear to be linked to TNF-*α* production, which peaks 3--4 h after treatment ([@bib27]). These acute, cytokine-related toxicities are not observed with 8-MeXAA or 7,8-MeXAA consistent with the lack of cytokine induction by these analogues in mice.

Discussion
==========

We have conducted structure-activity studies with a subset of xanthenone analogues that have a methyl-group substituted systematically at each available position of the parent compound. The primary objectives were to determine if the SAR of XAA analogues were different for mice and men, and whether we could identify analogues with better activity in humans than DMXAA. We showed marked differences in the SAR of the XAA analogues in murine and human leukocytes. The SAR of the analogues for murine IL-6 induction is consistent with that observed for natural killer cell activation ([@bib10]), NF-*κ*B activation ([@bib41]) and plasma nitrate production ([@bib34]; [@bib35]) in mice, and correlates with the ability of the XAA analogues to induce haemorrhagic necrosis of tumours in mice ([@bib10]; [@bib29]; [@bib34]; [@bib35]; [@bib41]). In mice, the 3-, 5- and 6-substituted analogues are more active than the parent XAA, with DMXAA, the 5, 6-disubstituted analogue being even more potent than the mono-substituted analogues. The 2-, 7- and 8-substituted analogues, generally are inactive in murine systems. In this study, we showed that DMXAA induced the highest amount of IL-6 in murine leukocytes in culture, but DMXAA was not very effective in stimulating HPBLs in culture to produce IL-6. The selectivity of DMXAA for murine cells over human cells could explain in part the disappointing results of DMXAA in phase III clinical trials ([@bib19]), when preclinical studies in mice were so promising.

The studies here identified that methyl substitution at the 8-position produced an analogue that was considerably more selective for activity in human cells than DMXAA. 8-MeXAA was the most active of the monomethyl-XAAs for stimulating IL-6 ([Figures 1D and E](#fig1){ref-type="fig"}) and IL-8 ([Figures 1F and 2A](#fig1){ref-type="fig"}) production by HPBLs. 8-MeXAA was also the most effective of the mono-methyl-XAA analogues at inhibiting tube formation by ECV304 cells on matrigel ([Figures 3A and B](#fig3){ref-type="fig"}). It was five-fold more potent than DMXAA at inhibiting ECV304 tube formation as well as being less cytotoxic to the cells ([Figure 3C](#fig3){ref-type="fig"}). Previously, 8-substituted analogues have been shown not to exert any antitumour effects in mice ([@bib29]), and 8-MeXAA was frequently used in studies as the negative control compound for DMXAA ([@bib10]; [@bib29]; [@bib34]; [@bib35]). Moreover, 8-MeXAA was shown not to exert any direct anti-vascular effects in mice, as no apoptosis was induced in CD31-positive vascular endothelial cells in colon 38 tumours from 8-MeXAA-treated mice compared with those from DMXAA-treated mice ([@bib7]). The findings here showing that 8-MeXAA is the most active in human cells are surprising and unexpected. Their lack of activity in mice however hampers the advancement of the 8-substituted analogues into *in vivo* evaluations. Preliminary studies with rat and dog leukocyte cultures, carried out as part of our efforts to find a suitable animal model for establishing the *in vivo* activity of human-selective XAA analogues, have indicated that neither the response from the dog or the rat mimics the response of human leukocytes to the XAA analogues (unpublished).

In addition to inter-species differences in SAR, the cytokine response stimulated by the XAA compounds in leukocytes also differs between species and could lead to inter-species differences in the antitumour activity of this class of compounds. For example, IFN-*β* is abundantly induced by DMXAA in murine macrophages ([@bib26]; [@bib31]), and the antitumour activity of DMXAA in IFN-*β* knock-out mice was severely attenuated ([@bib30]). However, IFN-*β* is not detected in HPBL cultures treated with DMXAA or 8-MeXAA (data not shown). IL-8 is the most abundant cytokine produced by HPBLs in culture in response to DMXAA ([@bib37]) or 8-MeXAA ([Figures 1 and 2](#fig1){ref-type="fig"}). This CXC chemokine has been ascribed a number of pro-tumour activities ([@bib39]), such as increasing tumour cell proliferation and survival; inducing endothelial cell angiogenesis ([@bib13]; [@bib18]); and more recently, inducing the epithelial--mesenchymal transition that promotes metastasis of carcinoma cells ([@bib11]). On the other hand, human ovarian cancer lines that express IL-8 have a reduced tumourigenicity, mediated by an increased accumulation of neutrophils at the inoculation site ([@bib21]). That study suggested that IL-8 may have a positive role in controlling cancer growth ([@bib21]). As there is no exact IL-8 homologue in mice, the effect of increased IL-8 production to the antitumour activity of the XAAs is difficult to assess without an appropriate animal model, although KC, a functional homologue of IL-8 in mice, is induced by DMXAA in spleen and tumour tissue, but not in serum or in murine leukocyte cultures ([@bib37]).

The results in [Figure 5](#fig5){ref-type="fig"} confirm previous studies that the antitumour activity of an XAA analogue is linked with its ability to elicit a vigorous cytokine response ([@bib5]; [@bib16]; [@bib36]; [@bib37]). In particular, the cytokines are produced predominantly by the stromal cells of the tumour ([@bib5]; [@bib9]; [@bib12]). A single dose of DMXAA at its optimal therapeutic dose caused widespread haemorrhagic necrosis, growth retardation, and increased production of murine IL-6, IP-10, MCP-1 RANTES and TNF-*α* in A375 human melanoma xenografts in nude mice. 8-MeXAA and 7,8-MeXAA at the same dose, did not elicit a cytokine response from the murine stroma, and also did not cause significant tumour necrosis or a significant growth retardation of the xenografts ([Figure 5](#fig5){ref-type="fig"}). The exact role that each cytokine has in the antitumour response is difficult to assess, given the large number of cytokines that are induced at the same time, and the overlapping activities of the cytokines. Studies using DMXAA in knock-out mice that are either defective in their response to, or in their production of a given cytokine, showed attenuation ([@bib30]), or changes to the rate of tumour regression ([@bib25]), or in the dose required for maximal antitumour effects ([@bib43]). No one cytokine has been identified as being sufficient to cause all the pleiotrophic responses associated with DMXAA in mice, and it is likely that each cytokine has a contributory role.

Despite considerable effort and interest, the biochemical target(s) for this class of compounds have not been elucidated, posing another challenge to the advancement of a second generation analogue, or of DMXAA itself in different clinical settings, as the molecular mechanism of action is not completely understood. The NF-*κ*B signalling pathway ([@bib16]; [@bib42]; [@bib38]), the TBK1-IRF-3 signalling axis ([@bib31]), the NOD signalling pathway ([@bib6]), and at least three members of the MAPK superfamily ([@bib33]) are involved in one or more of the pleiotrophic effects of DMXAA in mice. Studies from our own laboratory showed that more than thirty oxidisable proteins were photoaffinity labelled with an azido-analogue of DMXAA in cellular extracts from murine leukocytes, implicating a role for redox signalling ([@bib24]; [@bib3]). The yet unidentified cellular enzymes that catalyse the first-step, one-electron oxidation of DMXAA to form the benzyl radical initiating the generation of reactive oxygen species and redox signalling could also be regarded as biochemical target(s) for this class of compounds. More recently, [@bib28] showed that absence of Stimulator of Interferon Gene (STING) impaired DMXAA-induced IFN-*β* production by murine macrophages. Although we have not been able to demonstrate induction of IFN-*β* by the methyl-XAA analogues in cultured HPBLs, it would be of interest to evaluate the binding of the analogues to murine and human STING. Structural differences in the murine and human homologues of the targets could provide an explanation for the inter-species differences in the SAR of the XAA analogues.

In summary, we show major differences in the SAR of XAA analogues for stimulating cytokines in murine or human leukocyte cultures. We identify that the 8-substituted XAA analogue is more active in human cell systems, whereas 5- or 6-substituted analogues, such as DMXAA are the most active in murine systems. The 8-substituted analogues, however, are not active in mice, highlighting the need to identify or establish appropriate animal models to demonstrate their human potential *in vivo*. Humanised mice with reconstituted human lymphoid and myeloid components ([@bib23]; [@bib32]; [@bib14]) would be helpful in evaluating the cytokine stimulatory activity of the XAA analogues in human leukocytes *in vivo*. However, in order to be able to comprehensively assess the multitude of anti-vascular, cytokine-modulatory, immune-modulatory and the antitumour effects of this class of agents, humanised mice with reconstituted human immune and human vascular components together with autologous histocompatible tumour cells for implantation would be required, and currently such mice are not widely available.
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![**Structure--activity relationship (SAR) of XAA analogues for inducing cytokines in murine and human leukocyte cultures.** (**A**) Structure of xanthenone-4-acetic (XAA) with positions of substitution numbered. (**B**) Murine IL-6 induced by each analogue at 300 *μ*g ml^−1^ in cultures of 10^6^ murine splenocytes. Mean±s.e.m. of three cultures of splenocytes pooled from three spleens. (**C**) Human IL-8 induced with each analogue at 300 *μ*g ml^−1^ in cultures of 10^6^ HPBLs from an individual donor. (**D**) Human IL-6 induced with each analogue at 300 *μ*g ml^−1^ in cultures of 10^6^ HPBLs from an individual donor. (**E**) Human IL-6 induced with each analogue at 300 *μ*g ml^−1^ in cultures of 2 × 10^5^ TAMs purified from pleural effusions from patients with mesothelioma. Mean±s.e.m. of three cultures each from three different patients. (**F**) Human TNF-*α* induced with each analogue at 300 *μ*g ml^−1^ in cultures of 10^6^ HPBLs from an individual donor. Mean±s.e.m. of three cultures. (**G**) Human TNF-*α* induced with each analogue at 300 *μ*g ml^−1^ in cultures of 2 × 10^5^ TAMs purified from pleural effusions from patients with mesothelioma. Mean±s.e.m. of three cultures each from three different patients. \**P*⩽0.05 by one-way ANOVA compared with untreated control cultures.](bjc2013101f1){#fig1}

![**8-MeXAA and 7,8-MeXAA induce highest amounts of IL-8 in HPBL cultures.** (**A**) Fold change in IL-8 concentrations in cultures of HPBLs from nine individual donors induced with each analogue at 300 *μ*g ml^−1^ compared with their respective untreated control cultures. (**B**) IL-8 induced with different concentrations of 8-MeXAA (inverted triangles), 7-MeXAA (open circles) and DMXAA (closed circles) in HPBLs from two individual donors. (**C**) Fold increase in IL-8 in cultures of HPBLs from six different donors incubated with 7-MeXAA, 8-MeXAA, 7,8-MeXAA and DMXAA at 300 *μ*g ml^−1^ over that in untreated control cultures. (**D**) IL-8 induced with 7,8-MeXAA (triangles), 8-MeXAA (inverted triangles) or DMXAA (circles) at different concentrations in HPBL cultures from two different donors.](bjc2013101f2){#fig2}

![**SAR of the XAA analogues for inhibition of tube formation by ECV304 cells on matrigel.** (**A**) Representative field at 4 × magnification of tube formation by ECV304 cells on matrigel, untreated or treated with each analogue at 100 *μ*g ml^−1^. Number in bracket represents number of tubes averaged from two cultures per treatment expressed as a percentage of that in untreated controls cultures. (**B**) Results expressed as percent inhibition of tube formation and presented in a bar chart. Average of two cultures±s.e. \**P*⩽0.05 by one-way ANOVA compared with untreated control cultures. (**C**) Percent inhibition of tube formation (open circles) and percent cell viability (closed circles) at different concentrations of 8-MeXAA, 7,8-MeXAA or DMXAA. Average of two cultures±s.e.](bjc2013101f3){#fig3}

![**Haemorrhagic necrosis in A375 xenografts 24 h after treatment with DMXAA, 8-MeXAA or 7,8-MeXAA.** (**A**) Representative montage of haematoxylin and eosin H&E-stained section from A375 xenografts untreated; (**B**) At 24 h after treatment with DMXAA; (**C**) 8-MeXAA; or (**D**) 7,8-MeXAA at 25 mg kg^−1^. (**E**) Quantitative data of degree of haemorrhagic necrosis in montaged sections. Mean±s.e.m. from *n*=3 tumours per treatment group; \*Denotes statistical significance between DMXAA-treated tumours and -untreated controls compared by one-way ANOVA.](bjc2013101f4){#fig4}

![**Tumour growth and cytokine production in A375 human melanoma xenografts in nude mice following treatment with DMXAA (left panels), 8-MeXAA (middle panels) or 7,8-MeXAA (right panels).** (**A**--**C**) Tumour growth in mice without treatment (filled circles), and following treatment with DMXAA (**A**), 8-MeXAA (**B**) or 7,8-MeXAA (**C**) at 25 mg kg (open circles), or 50 mg kg^−1^ (open triangles). Mean±s.e.m. of five mice per group. \**P*⩽0.05 between treated and untreated group compared using Student\'s *t*-tests. (**D--F**) Concentration of indicated murine cytokines measured in tumour homogenates from mice without treatment (black bars) or from mice 4 h after treatment with analogues at 25 mg kg^−1^ (grey bars). (**G--I**) Concentration of indicated human cytokines measured in tumour homogenates from mice without treatment (black bars) or from mice 4 h after treatment (hatched bars). Mean±s.e.m. of three tumours per group. \**P*⩽0.05 between tumours from treated and untreated mice compared using Student\'s *t*-tests.](bjc2013101f5){#fig5}
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